INTRODUCTION
Telomeres are the DNA sequences that form the ends of eukaryotic chromosomes and are a solution to the inherent problem associated with the replication of DNA termini. In most eukaryotes, the telomeres consist of tandem arrays of simple sequence repeats whose exact composition varies between organisms but usually consist of a GT-rich sequence on the strand that runs 5 0 to 3 0 toward the chromosome end (1) . The most common motif in filamentous fungi and vertebrates is (TTAGGG) n (2), budding yeast Saccharomyces cerevisiae has the sequence (TG 1-3 ) n (3), and many plants have (TTTAGGG) n (4) . New repeats are added to the existing telomeres by the enzyme telomerase (5) , thereby preventing the loss of terminal sequences as a consequence of DNA replication. The telomere repeat is bound by a number of proteins which protect the chromosome ends from degradation and prevent the ends from being recognized as double-strand breaks (6) . These proteins are also involved in regulating telomere length (7) (8) (9) , and have roles in the silencing of neighboring genes-a phenomenon known as the telomere position effect (TPE) (10) (11) (12) . Silencing activity is associated with the sequestration of telomeres and their associated proteins in discrete nuclear foci (13) (14) (15) (16) (17) (18) . Such physical proximity between non-homologous chromosome ends within the nucleus is also thought to promote ectopic recombination between shared sequences in the subtelomeric regions, leading to the amplification and diversification of telomere-linked genes (16, 19, 20) .
The chromosome regions found immediately internal to the telomere repeats are known as subtelomeres. These regions have a general organization that is widely conserved among organisms ranging from protists to humans (21) . In many cases, two distinct subtelomere domains are discernable. The region that is immediately adjacent to the telomere repeats is known as the distal domain and usually consists of one or more core sequences that are present at many, and sometimes all, chromosome ends. In S.cerevisiae and humans, the distal domains are bordered by distinct boundary elements, beyond which lie the proximal domains. These, too, contain sequences that are duplicated at different chromosome termini, although, the sequences that make up the proximal domains tend not to be as widely spread as the ones in the distal domains. Eventually, the proximal domains transition into sequences that are unique to each individual chromosome end (chromosome-unique sequences). The sizes of proximal domain duplications can be quite large, extending up to $30 kb in S.cerevisiae (22, 23) and up to more than 200 kb in humans (24) . In some cases, the patterns of sequence duplication and dispersal among different subtelomeres can be quite complex, causing the proximal domains to appear as patchworks of sequence identity (19, 25, 26) . The most significant proximal domain feature is the presence of large blocks of genes, whose duplication and dispersal among different chromosome ends results in the generation of subtelomeric gene families whose constituent members often exhibit unusually high levels of sequence diversity (16, (27) (28) (29) .
The potential for rapid evolution of genes that reside in telomere-proximal locations has been particularly well exploited by a number of fungi and protists, several of which have proximal domains that contain families of genes involved in niche adaptation. Such genes have been termed 'contingency genes' (27, 30) because they tend to be non-essential, yet confer phenotypes that provide the capability to respond to specific ecological challenges. In prokaryotes, contingency genes often exhibit elevated mutation rates, which results in a reservoir of phenotypic diversity that may be used to meet such challenges (30) . It should be pointed out, however, that although telomere-linked genes in eukaryotic microbes often show extremely high levels of allelic diversity, there is, yet, no evidence to suggest that they have higher mutations rates.
The proximal subtelomeres of S.cerevisiae contain families of genes involved in carbon utilization and other traits that are important for fermentation. These include the MAL locus, a block of three genes involved in the uptake and utilization of maltose (31, 32) , MEL genes which encode a-galactosidases (33, 34) , FLO genes which control flocculation (35) and are involved in environmental stress responses (36) , and the PAU genes, which are induced during anaerobic growth (37, 38) . The adaptive potential of proximal domains is illustrated by the fact that the genes in these regions are differentially amplified in S.cerevisiae strains from different ecological niches. For example, MEL genes are absent from most strains but are highly amplified in the proximal domains of strains from olive oil processing wastes and animal feces (34, 39) .
Subtelomere roles in adaptation are particularly evident in microbial human pathogens. In the protists Plasmodium falciparum (malaria), Trypanosoma brucei (African sleeping sickness) and the ascomycete fungus Pneumocystis carinii (pneumonia), the proximal subtelomere domains contain large gene families, which code for extracellular proteins that cover the cell surface, or, in the case of P.falciparum, coat the red blood cells in which the pathogen hides (40) (41) (42) . These surface proteins are immunogenic and so would normally bring about eradication of the pathogen, when the host develops an appropriate antibody. However, these organisms undergo antigenic variation, which involves controlling surface protein expression so that only one form is produced at a time, together with a periodic switching of the expressed copy. This strategy enables certain members of the pathogen population to avoid detection and sustain an infection. Two basic mechanisms underlying antigenic variation have been described. P.carinii uses recombination to swap silent genes into a unique subtelomeric expression site (43), whereas P.falciparum regulates var gene expression by switching transcription between different subtelomeric genes (44) . T.brucei uses a combination of both strategies (27, (45) (46) (47) . The fact that a number of diverse pathogens utilize subtelomere regions for the amplification and switching of genes with critical roles in pathogenesis suggests that there is a distinct advantage to this arrangement. One obvious benefit is that the genes near telomeres tend to accumulate unusually high levels of allelic variability (16) . As such, the subtelomeres are ideal locations for generating the raw materials for antigenic switching, namely rich reservoirs of variant gene copies. In addition, the tendency for subtelomeres to undergo ectopic exchanges with other chromosome ends, can lead to recombination between different gene copies, thereby accelerating the generation of novel gene variants, and, in the cases of T.brucei and P.carinii, facilitating the recombination of silent genes into the subtelomeric expression sites (27, 43, (45) (46) (47) . Finally, for T.brucei, there is evidence that the TPE silencing machinery plays a role in the regulation of subtelomeric expression sites (48, 49) , further implicating telomeres in the switching process itself. Interestingly, the TPE is also responsible for controlling expression of subtelomeric adhesin genes, which are important virulence factors in the pathogenic fungus Candida glabrata (50) .
Human pathogens may not be the only parasites that exploit the dynamic telomere environment for generation of variation in contingency genes with crucial roles in interactions with their hosts. Studies of host specificity in the fungus, Magnaporthe oryzae, a devastating pathogen of rice and other graminaceous hosts, suggest that the telomeres of plant pathogenic fungi might also contain contingency genes. M.oryzae is a filamentous ascomycete, formerly known as Magnaporthe grisea, until recent studies (51) revealed that strains causing diseases of rice, millet and other crop plants are taxonomically distinct from the type isolates, which are pathogens of crabgrass (52) . M.oryzae populations are notorious for their pathogenic variability, which enables them to overcome resistant rice cultivars within a very short period of time after deployment (53) . In M.oryzae, the ability to infect different hosts is controlled by avirulence genes ('Avr' genes), whose protein products directly, or indirectly, trigger host defense responses in plants that possess corresponding resistance genes. Significantly, 7 of the 17 M.oryzae Avr genes that have been identified so far map very near to telomeres (54) (55) (56) , and in some cases, this positioning is associated with pathogenic variability. For example, strains carrying the Avr genes Avr-Pita and Avr-Tsuy are normally avirulent to rice cultivars Yashiromochi and Tsuyake, respectively (54), yet virulent mutants that are able to avoid recognition by rice plants containing the cognate resistance genes appear at a high frequency (54) . Cloning of the Avr-Pita gene revealed that it is located at the very tip of the chromosome, with its 3 0 -untranslated region (3 0 -UTR) ending just 48 bp from the telomere repeat. Moreover, analysis of spontaneous mutants that had gained virulence to Yashiro-mochi revealed that many had experienced truncation of the chromosome end (57) .
Telomeres are among the most variable regions of the M.oryzae genome. Telomeric restriction fragments tend to be more polymorphic than internal fragments (58, 59) , and novel telomeres arise frequently during vegetative culture (58) and in meiosis (59) . Thus, it appears that the dynamic environment of the M.oryzae chromosome ends is also used to generate variation in genes with critical roles in the interaction with the host plant. Considering that the subtelomeres of other pathogenic microbes often contain whole families of 'niche adaptation' genes (16, 27, 31, 43, 60, 61) , we were particularly interested in determining if the same is true for M.oryzae, as this could potentially lead to the discovery of previously unidentified Avr genes, as well as other genes with important functions in pathogen-host interactions. Unfortunately, chromosome ends were poorly represented in the M.oryzae genome sequence, with only one of the 14 telomeres in this fungus being present in the assembly that was available when this project was started (Version 2). Nevertheless, screening of the raw sequence data present in the National Center for Biotechnology Information (NCBI) Trace Archive (www.ncbi.nlm.nih.gov/Traces/trace.cgi) led to the identification of several hundred telomere-containing reads that had been excluded from the assembly (62) . Extraction and characterization of these reads and their matepairs identified a set of fosmid clones that contain all 14 of the M.oryzae telomeres. Here, we describe the organization of M.oryzae chromosome ends as determined by analysis of the fosmid sequences.
MATERIALS AND METHODS

Identification of fosmids contain the 14 M.oryzae telomeres
Detailed methods describing how the telomeric fosmids were identified and verified will be published elsewhere. Briefly, telomeric reads were identified among the M.oryzae raw sequence traces derived from plasmid and fosmid inserts (62) . The telomeric sequences and the mate-pair reads derived from the opposite ends of the inserts were then assembled into telomeric contigs and subtelomeric contigs, respectively, creating a set of telomeric scaffolds, with each scaffold corresponding to a separate chromosome end. The scaffolds were then linked to the genome assembly using BLASTn searches. The BLAST results were examined to ensure that fosmids containing the same telomere had mate-pair reads that matched the same genomic contig. Clones that did not meet this criterion were discarded due to possible chimerism. Three fosmids per chromosome end were further characterized to confirm that they were not rearranged, and that they contain terminal fragments matching specific telomeres in genomic DNA of 70-15.
Sequencing of fosmid clones
Each clone was cultured overnight in 500 ml of Luria-Bertani (LB) plus 25 mg/ml chloramphenicol. Fosmid DNA was extracted using a midiprep kit (Qiagen, Valencia, CA). Each DNA sample was sheared to a median size of $2 kb by passing 20 times through a standard shearing assembly (part number JHSH204004) on a HydroShear machine (Genomic Solutions, Ann Arbor, MI), using speed setting 6. The sheared fragments were end-repaired using the End-It kit (Epicentre Technologies, Madison, WI) and resolved on a 0.8% agarose gel (100 V, 1 h). Fragments of $1.8-2.2 kb were then excised from the gel and purified by QIAquick gel extraction (Qiagen). The DNA was concentrated by ethanol precipitation and re-dissolved overnight in 6.5 ml T0.1E [10 mM Tris-HCl (pH 8.0) and 0.1 mM EDTA]. Approximately 1 mg of sheared DNA was ligated to the CloneSmart HCamp vector (Lucigen Corp., Middleton, WI), according to the manufacturer's protocol. After 2 h ligation, 1 ml of the ligation mix was used to transform DH5a-T1R chemically competent cells (Invitrogen, Carlsbad, CA), which were then plated on LB agar amended with 100 mg/ml ampicillin. Colonies were picked into 384-well plates containing LB and 10% glycerol, grown for 12 h at 37 C, and then sent as frozen stocks to Agencourt Biosciences (Beverly, MA), or deposited with the University of Kentucky Advanced Genetic Technologies Center (UK-AGTC) for sequencing with ABI BigDye V3 (Applied Biosystems, Foster City, CA) or CEQ DTCS (Beckman Coulter, Fullerton, CA) chemistries. Sequences were assembled using phred (63, 64) , phrap (www.phrap.org) and Consed (65) and the gaps remaining after shotgun assembly were filled by primer walking.
The fosmid sequences are deposited in the GenBank database under the accession nos DQ493941 through DQ493955.
BLAST-TruMatch
The fosmid sequences were linked to the genome assembly by using the complete (unfiltered) sequences to query the genome sequence using local BLAST. Due to the repetitive nature of the subtelomere regions, several queries yielded multiple matches. This, combined with the presence of numerous subtelomeric gaps in the assembly, often resulted in the correct alignment appearing at a very low position in the BLAST report, where it was easily overlooked. Therefore, we developed a perl script (TruMatch), which examines BLAST outputs to identify correct matches based on unique alignments (62) . All of the initial BLAST results were postprocessed with TruMatch, to reveal bona fide overlaps to the genome assembly.
Gene prediction and analysis
Fosmid assemblies were screened using CrossMatch (www. phrap.org) to mask known transposable elements (TEs) and other repeats with >10 copies in the M.oryzae genome (66). The masked sequences were then used for gene prediction with Fgenesh (67) trained on M.oryzae sequences (Softberry, www.softberry.com). The resulting protein sequences were searched against GenBank and the M.oryzae whole genome assembly using the blastx and blastp algorithms (68) . In the absence of BLAST similarity, predicted proteins shorter than 100 amino acids were excluded from further analysis. Retained protein sequences were searched against Pfam [(69), www.sanger.ac.uk/Software/ Pfam/], using both global and fragment alignments, with an E-value less than 10 À4 . MEME (70) was used to identify motifs common to proteins encoded by subtelomeric genes, using minimum and maximum motif width values of 6 and 300 amino acids, respectively. Identification of gene and protein families was performed by clustering nucleotide and amino acid sequences with BLASTClust (BLAST package, ftp://ftp.ncbi.nih.gov/blast/), using threshold values of 60% length and 30% similarity over both sequences.
The predicted amino acid sequences in the subtelomeric gene set were analyzed with SignalP [(71), www.cbs.dtu. dk/services/SignalP/], and secreted proteins defined when both the eukaryotic Neural Network and Hidden Markov Model scores exceeded a minimum threshold score of 0.5. Cellular localization prediction for secreted proteins was performed with ProtComp version 6.0 for animal and fungi (www.softberry.com). Tandem Repeats Finder (72) was utilized to identify tandem repeats. To identify new, dispersed repeats, stand-alone BLAST (68) was performed using the fosmids as both the reference sequences and the queries.
RESULTS
Terminology
Telomeres: used to describe the sequences that form the chromosome tips. In the present case, these consist of tandem repeats of the hexanucleotide TTAGGG (59) .
Subtelomeres: this term is reserved for distinct domains that occur immediately adjacent to the telomeres. These domains consist of sequences that are duplicated at a number of chromosome ends.
Terminal sequences. We use this term to describe sequences that are near to the chromosome ends but are not part of the subtelomere domains. Unless otherwise noted, the operational definition of 'terminal' for the present study is being contained within a telomeric fosmid clone (i.e. within $40 kb of the telomere).
M.oryzae strain 70-15
M.oryzae strain 70-15 is one of the number of progeny that were isolated during a series of crosses that were performed to develop rice-infecting strains with increased fertility (73) . Therefore, when interpreting the telomere/subtelomere organization of 70-15, especially with regard to pathogenic adaptation, it is important to consider that this strain is not a natural, field isolate. Nevertheless, 70-15 is closely related to the rice-infecting, field isolate, Guy11, which was the recurrent parent in the last three crosses used to generate the former strain (73) . Moreover, analysis of 70-15's telomeres by Southern hybridization indicated that at least 10 of them were inherited from Guy11 (data not shown). Therefore, analysis of telomere organization in 70-15 is expected to provide a reasonable insight into telomere organization in natural, rice-infecting isolates of M.oryzae.
M.oryzae telomeres
The first criterion used to identify fosmids containing telomeres was the presence of TTAGGG repeats at one end of the insert. The number of copies of this sequence varied among the selected clones, ranging from 6 to 30. Analysis of the complete set of telomere-containing, shotgun reads obtained in the Magnaporthe genome sequencing project revealed that the average number of repeats across all chromosomes is 26, suggesting an average telomere length of $150 bp. Some fosmids also had short TTAGGG motifs in the subtelomere region. However, these internal arrays never had more than two copies of this sequence in tandem (see below). There also don't appear to be any large telomeric arrays at other genomic locations, because Southern hybridization analysis of genomic DNA samples digested with various restriction enzymes never produced more than 14 hybridizing fragments (data not shown).
Telomere-adjacent sequences
Analysis of the 'internal' sequences that are found adjacent to the telomere repeats revealed three basic organizations: intergenic spacer region (nt position 7810). Interestingly, the third rDNA unit from the telomere contains an insertion of the MAGGY LTR-retrotransposon (74) . Long-range restriction mapping revealed that the telomeric rDNA sequences are contiguous with the major rDNA array, which extends $2 Mb toward the centromere on chromosome 2 (data not shown). (ii) Chromosome-unique sequences. Fosmids 25N20 and 72H05 contain telomeres 2 and 12, respectively. The sequences that occur immediately adjacent to the telomeres in these fosmids both exist as a single copy in the 70-15 genome and, therefore, we refer to them as chromosome-unique sequences ( Figure 1B ). Clones 25N20 and 72H05 both contain several transposon insertions but, otherwise, they lack sequence features that would suggest proximity to a chromosome landmark with such functional importance as the telomere. There are no tandem repeat arrays, or other repetitive motifs, in these clones ( Figure 1B ), and there is no obvious change in base composition as one approaches the telomere repeats (data not shown). The only feature of note is a 6.5 kb stretch of shared sequence that occurs in the opposite orientation at the two ends. In each case, the duplicated segment is bordered on one side by a Pot3 element (75, 76) and by a solo-LTR of the Pyret retroelement (77) on the other ( Figure 1B ). (iii) Telomere-linked helicase genes. Eleven of the fosmid clones share a significant amount of sequence similarity in the region adjacent to the telomere repeats. Figure 2 shows an alignment of physical maps for the corresponding chromosome ends. A consensus map representing the 'core' sequence is shown at the bottom. All eleven ends contain at least a portion of the segment labeled region I, which contains a copy of the telomerelinked RecQ-helicase (TLH) gene previously described by Gao and coworkers (78) . Using Southern hybridization analysis, we determined that 70-15 contains only 11 TLH copies (data not shown) and, therefore, the sequence data confirm that all of the TLH genes in 70-15 are near to telomeres. Based on the presence of the TLHcontaining core sequence at several chromosome ends, we consider it to be a distinct subtelomere sequence.
With the exceptions of telomeres 1 and 14, all of the chromosome ends that contain TLH genes (henceforth termed 'TLH-ends') have almost identical sequences between the TLH gene and the telomere repeat. This sequence exhibits various degrees of truncation, however, so the distance between the 3 0 end of the TLH gene and the telomere variesranging from $5.5 kb for telomere 6 to $À2.2 kb at telomere 1 ( Figure 2 ). The core TLH to telomere sequence is AT-rich (66%) and contains three blocks of tandem repeats. These repeats are not found elsewhere in the genome and, therefore, we refer to them as 'helicase-associated repeats' (HARs). Subtelomere 1 lacks the core sequence due to truncation of the chromosome within the TLH open reading frame (ORF). The other TLH-end that lacks the sequence is telomere 14, which represents a novel chromosome end that arose in the M.oryzae subculture used in the genome sequencing project (C. Rehmeyer and M. Farman, unpublished data). The sequence adjacent to telomere 14 (shown as a dashed line in Figure 2 ) was captured from an internal genomic location, presumably following loss of the original telomere.
All of the TLH-ends have a similar sequence organization upstream of the TLH genes, up to and including the large block of tandem repeats labeled HAR-CDEF. These repeats form a distinct boundary (the 'near' boundary) beyond which seven of the subtelomeres transition into chromosomeunique sequences. Alignments of the junctions between HAR-C and the chromosome-unique sequences are shown in Figure 3A . Subtelomeres 8, 10 and 11 have almost identical sequences beyond the HAR-C repeat (see below), whereas the other TLH-ends diverge in sequence upstream of the first or second cytosine in the HAR-C repeat unit (CCTAACCAGTAATA).
Four subtelomeres (8, 10, 11 and 13) have extensive sequence similarity beyond HAR-CDEF. The alignment between the four ends is interrupted by a 1822 bp deletion upstream of the HAR-CDEF block in subtelomere 13 ( Figure 2 ). Beyond this deletion, however, the four ends share almost identical sequences for $5 kb, with the only disruption in colinearity being due to a MAGGY insertion in subtelomere 10. Subtelomeres 11 and 13 diverge first, transitioning into chromosome-unique sequences beyond a shared Pot2 insertion located $7.3 kb upstream of the TLH genes. Subtelomeres 8 and 10 have almost identical sequences for another 3.5 kb beyond this point, finally diverging at a 'far' boundary located at least 17 kb from the nearest telomere repeat (the one at telomere 8). Subtelomere 7 is unusual because, although it has chromosome-unique sequences beyond HAR-CDEF (and was, therefore, mentioned above as part of the first group of seven subtelomeres), it possesses a small stretch of similarity to subtelomeres 8 and 10. The similarity extends to the far boundary, before transitioning again into chromosome-unique sequences (Figure 2 ). Alignment of the far boundary sequences in subtelomeres 7, 8 and 10 reveals a discrete transition between the shared sequence and chromosome-unique DNA ( Figure 3B ). This also suggests that the sequences between the near and far boundaries are a distinct part of the TLH region, which we refer to as region II.
Nine different HARs were identified within regions I and II, and their consensus sequences are listed in Table 1 . Most HARs occur as tandemly-organized, unit-length copies, with the exceptions of HARs D, F and G, which can also be found in truncated forms (Figure 4) . Among the nine different repeating units, A, B, C, F, G, H and I occur as tandem, headto-tail arrays. HARs D and E do not occur in tandem but are interspersed, in whole or in part, with the tandemly-arranged HARs. Four HARs (C, D, E and F) are found in close association with one another in a compound array that ends just 181 bp away from the predicted TLH start codon. HARs G and H also occur in compound arrays, with the HAR-G repeat unit that is adjacent to HAR-H always being a truncated copy. The lower panel of Figure 4 shows the organization of HAR sequences at the original TLH-end that came from strain O-137 (78) , and from a third strain, ML33. This illustrates the conservation of HAR block organization among different M.oryzae strains.
Some of the individual HARs have sequence motifs that suggest they might interact with the telomere, or with telomere-binding proteins. These motifs are highlighted with bold type in Table 1 . For example, the first 7 nt of each HAR-C repeat unit form the sequence CCTAACC, which is a reverse complement of the telomere repeat sequence. HARs F and G contain TTAGGG motifs and, although some copies of HAR-F are truncated, all retain a core repeat region, which contains 1.5 iterations of the repeat motif, GGGTTAGGG. HAR-D also contains a significant feature in the form of a 23 bp imperfect palindrome (underlined in Table 1 ). This occurs within a 50 bp subsequence (bracketed in Table 1 ) that is conserved in all repeat units, even ones that have experienced truncation.
Terminal gene predictions
Initial gene predictions identified 128 putative genes among the subtelomeric fosmid assemblies, which were subsequently filtered to remove TEs and short proteins (see Materials and Methods) to produce a terminal/subtelomeric gene set comprising 113 putative genes. These genes code for proteins with lengths ranging from 44 to 2381 amino acids, with an average length of 434 amino acids. The percentage of subtelomeric sequence that is predicted to code for proteins is $38%, a figure that is very similar to the protein-coding proportion of the whole genome (66) .
Thirty of the genes identified in the present study are not represented in the genome assembly. Sixteen of these correspond to TLH sequences, with some of them matching fulllength genes and others coinciding with smaller ORFs that are found in mutated TLH copies. The 14 remaining genes were previously unidentified, either because they were in gaps that existed between the telomeres and the assembly, or because they were located in gaps between genomic contigs. Among the terminal gene set, 34 are single-copy genes, and 46 encode predicted proteins with significant alignments to at least one domain in the Pfam database (Supplementary Table S1 ). Many of these genes are of undetermined function and only two appear to encode obvious 'housekeeping' genes. Both of these genes occur at least 35 kb centromere-proximal to telomere 10, and are predicted to code for GTP cyclohydrolase and adenylsuccinate synthetase, which are involved in the biosynthesis of riboflavin and purines, respectively.
Secondary metabolism gene clusters in terminal regions
Three of the chromosome termini contain clusters of genes that are predicted to be involved in the biosynthesis or detoxification of secondary metabolites. For example, Pfam similarities indicate that the terminal sequences associated with telomere 14 contain four genes encoding CYP450s; and these are interspersed with genes encoding a putative FAD-oxidoreductase, a major facilitator superfamily (MFS) protein, as well as several proteins of unknown function. A BLASTx search revealed the presence of two additional CYP450 pseudogenes. A second putative secondary metabolism gene cluster near telomere 1 encodes two proteins having domains typical of transporters: one being an MFS protein and the other having canonical ABC transporter domains (Supplementary Table S1 ). Inspection of the genome sequence in the region flanking the fosmid insert indicated that the cluster also codes for an oxidoreductase, as well as a methyltransferase that resembles the Aspergillus fumigatus LaeA protein, a global regulator of secondary metabolite gene clusters (79) . Finally, analysis of genomic sequences that are closely linked to the insert in fosmid 72H05 (Tel-12) revealed a number of genes in a cluster that resembles the gibberellin biosynthetic cluster of Gibberella fujikuroi (80).
Terminal genes encoding secreted proteins
Avr genes usually encode secreted proteins that directly, or indirectly, trigger defense responses in plants and are, therefore, analogous to the variant surface protein genes in the various microbial human pathogens. None of the known Avr genes in M.oryzae are near to telomeres in 70-15. Avr-Pita, which is immediately adjacent to the telomere in isolate O-137, has two copies in 70-15, neither of which is present in the telomeric fosmids. The Pwl2 and Pwl3 genes, which confer avirulence to weeping lovegrass, also occupy internal locations. The Pwl1 gene is not present in 70-15 (66), although an AT-rich region associated with this gene is present in telomere-associated genomic contig 2.2068. Three of the four cloned M.oryzae Avr genes encode proteins that are predicted to be secreted and which are, therefore, expected to come into direct contact with plant cells during infection. This prompted us to identify telomerelinked genes that code for secreted proteins. Among the terminal gene set, Signal 3.0P identified 23 that encode proteins with a probable signal peptide, of which 13 are predicted by ProtComp to be exported to the cell exterior (Supplementary Table S1 ). Two of the putative secreted proteins contain cellulose-binding motifs and glycosyl hydrolase domains and, therefore, likely have cell-wall-degrading capabilities. The remaining secreted proteins are of unknown function.
Gene duplications near chromosome termini
Proximal subtelomere domains of other organisms are characterized by the presence of genes that have become Table 1 are depicted in this figure as different-colored rectangles, with each individual rectangle representing a single iteration of a particular repeat sequence, and like-colors representing copies of the same repeat. *Additional, highly-mutated HAR-H units are not shown. The identity of each repeat is noted at the top of the figure. The position of each repeat block within its respective subtelomere region is shown in Figure 2C , where it is represented as a white box). Rectangles are drawn to scale, with narrower ones representing incomplete repeat units. The TLH genes are shown as green block arrows, with a gap included to indicate that it is not drawn to scale. The lower panel shows HAR organization in two additional M.oryzae strains.
amplified through spread to multiple chromosome ends, resulting in subtelomeric gene families (21) . To determine if the M.oryzae subtelomeres/chromosome termini have played roles in the expansion of gene families, we used BlastClust to detect genes (other than TLH) that are present at more than one chromosome end. Surprisingly, we identified only three genes that meet this criterion. One occurs upstream of the HAR-CDEF array in region II of subtelomeres 7, 8 and 10, with a partial copy being present at an internal locus. The two other duplicated genes are present on the 6.5 kb segment that is duplicated in the non-TLH subtelomeres, 2 and 12.
None of the gene duplications shows much sequence divergence subsequent to these duplications (maximum of 2 nt substitutions in any gene) and, although none of the mutations cause premature termination, Fgenesh predicts that some of the changes result in alternative splicing. However, we interpret these variable intron predictions with caution because the mutations do not occur in critical boundary sequences.
The paucity of duplicated genes in the fosmid sequence dataset suggests that the M.oryzae subtelomeres are not widely involved in the amplification of contingency genes. However, we also considered the possibility that the M.oryzae proximal domains are longer than the 10-40 kb of chromosome-unique sequence contained within these clones, and that more terminal sequence needed examination. To address this issue, we linked the fosmid sequences to the genome assembly using BLAST, and then referred to the genome sequence to search for gene duplications within 100 kb of the chromosome ends. Remarkably, among 148 new genes that were added to the terminal gene dataset, only one additional terminal duplication was discovered. In this case, a single gene located 15 kb from telomere 7 has a copy $54 kb away from telomere 8. We also sought to determine how many of the terminal genes have copies at internal genomic locations. BLAST searches of the whole genome sequence using the terminal gene set as a query revealed only nine genes having full-length duplications at internal loci and six showing evidence of partial duplication.
Finally, to ensure that we had not overlooked extensive segmental duplication by restricting the above analyses to predicted genes, the masked fosmid sequences were used to query the genome sequence using BLAST. Only one additional duplication greater than 1 kb in length was identified in this manner. Thus, with the exception of transposons and TLH-associated sequences, the M.oryzae chromosome termini show very little evidence of sequence duplication.
Transposon sequences at M.oryzae chromosome termini
The terminal regions of the M.oryzae chromosomes are particularly rich in transposon sequences. The colored boxes in Figure 5 show TE sequences that were identified in each of the fosmid clones. All 14 of the terminal regions contain transposon insertions within 40 kb of the chromosome tip. As mentioned above, there was even a MAGGY insertion in the ribosomal DNA array that terminates at telomere 3. This end is somewhat exceptional, however, because the others all contain sequences from several different transposons, with the result that at least one full-length member from each of the 11 transposon families in the M.oryzae genome was found within 40 kb of at least one chromosome end (Table 2) . A consequence of transposon abundance in the terminal regions is that repeated sequences comprise 24% of the terminal DNA in the fosmid clones characterized here. In contrast, only 9.7% of the sequence in the whole genome assembly consists of repeated DNA. With the exceptions of Mg-SINE and Occan, all transposon families that are present in the genome of 70-15 were over-represented in the terminal regions of the chromosomes (Figure 6) .
Many of the terminal transposon insertions shown in Figure 5 
DISCUSSION
We report here the sequencing of all 14 chromosome ends in the fungus, M.oryzae, an important pathogen of rice and other cereal grasses, and a model organism for the study of fungus-plant interactions, infection-related development and signaling during plant pathogenesis. This study is novel in its completeness, and makes M.oryzae the first organism to have all of its chromosome ends sequenced from the chromosome-unique regions out to the very tips. In this study, we present the results of an exhaustive analysis of the terminal sequences, and provide a comprehensive picture of the organization of these important chromosome regions.
Telomere structure in M.oryzae
In most vertebrates and plants, the telomere repeat array extends several kilobases from the chromosome tip (21, 81) . In contrast, the few fungal telomeres that have been characterized to date are much shorter, averaging $350 bp in S.cerevisiae (1,3) and $130 bp in M.oryzae's closer relative, Aspergillus nidulans (82) . Based on the raw sequence data, we estimate the average length of the M.oryzae telomere repeats to be $150 bp. Although, their lengths varied widely among fosmid clones (6 to 30 repeats), it is possible that this was due to slippage during replication in Escherichia coli.
Several organisms, including many plants, humans and S.cerevisiae, have large arrays of telomere repeats at internal chromosome locations (24, 83) . There was no evidence for the existence of extended, interstitial telomere arrays in the genome of the reference isolate of M.oryzae studied here because only 14 fragments were detected in Southern hybridization studies and no telomere-like arrays were detected in the genome sequence, apart from one sequence that we have shown to be a mis-assembly (C. Rehmeyer and M. Farman, unpublished data).
Chromosome ends that lack helicase genes
The M.oryzae rDNA array was previously mapped near telomere 3 on chromosome II (84, 85) . Here we show that, in 70-15, the array extends all the way to the telomere, and is interrupted near its terminus by an insertion of the MAGGY retroelement. Although transposons have been found in the rDNA of other organisms (86) (87) (88) , this is the first reported example of an LTR-retrotransposon insertion.
The MAGGY element appears to be the only transposon present in the $2 Mb rDNA array, indicating that the majority of the repeat units are resistant to transposon insertion and that, perhaps, the subtelomeric portion has a higher-level organization that differs from the rest of the array. Alternatively, it is possible that the internal regions of the array have been homogenized via unequal crossing over between rDNA repeats. Ribosomal RNA-encoding genes have been found at telomeres in a number of organisms, including the fungus Neurospora crassa (89), Cryptomonad and Chlorarachniophyte algae (90, 91) , the parasites Giardia lamblia (92) and Encephalitozoon cuniculi (93) , Caenorhabditis elegans (94) and Arabidopsis thaliana (95) . The human rDNA clusters occur on the p-arms of the acrocentric chromosomes but, in this case, the arrays are separated from the telomere by an incompletely characterized sequence (86) . Bioinformatic mining of unassembled sequences, using TERMINUS, revealed that rDNA sequences are associated with telomeres in several other fungi, including Fusarium graminearum and Coprinus cinereus, although it is not yet known if the telomere-linked sequences are contiguous with the main rDNA array (C. Rehmeyer and M. Farman, unpublished data).
Telomeres 2 and 12 are unusual because they lack the TLH genes and/or HARs that are found at all of the other (non-rDNA) chromosome ends. However, analysis of a homologous version of telomere 2 from another M.oryzae strain (ML33) revealed that it contains a TLH region. Therefore, it would appear that telomere 2 in 70-15 (and possibly telomere 12 also) is a truncated version of a chromosome end that was once a TLH-end. Despite the absence of TLH regions, telomeres 2 and 12 have been faithfully propagated through multiple generations (M. Farman, unpublished data), and in the case of telomere 2, through a genetic cross (59) . Thus, it is clear that the TLH genes, their associated repeats and surrounding sequences do not need to be present at a chromosome end for proper telomere function and/or maintenance.
Subtelomere domains in M.oryzae
The majority of M.oryzae chromosome ends contain at least a part of the core sequence we refer to as TLH region I. Based on its presence at multiple chromosome ends, region I is analogous to the subtelomere regions that have been described for other organisms (21) . In addition, this region contains a number of short tandem repeats, which are a dominant feature of subtelomeres in almost all organisms, including the protists T.brucei (96) and P.falciparum (97-99), the fungi P.carinii (25) and S.cerevisiae (http://www.nottingham. ac.uk/biology/contact/academics/louis/endsdata.phtml), plants (100) and humans (101) . The sole exception so far is C.elegans, which lacks a defined subtelomere sequence (94) . The specific organization of TLH region I is strikingly similar to the distal portion of the S.cerevisiae subtelomeres, which consist of two sequences, known as the X and Y 0 elements (102). X-elements consist of various short repeats (STRs) fused into a single array. They are present at all of the 32 S.cerevisiae chromosome ends (103), where they either abut the telomere repeats directly, or are separated from the telomere by one or more copies of the Y 0 element. Y 0 elements consist of a 5-6 kb sequence that codes for a helicase gene. Y 0 is not found at all chromosome ends but, when it is present, it can exist in tandem arrays, with up to four copies being present (104) . The general organization of the HAR-CDEF arrays resembles that of the X-elements-both consist of different sequence motifs fused into a single block, and both possess repeat units that contain telomere-like sequences (105) . HAR-CDEF and X also occupy equivalent positions within the subtelomere, occurring upstream of the helicase genes. In S.cerevisiae, X forms a boundary between the distal and proximal subtelomere domains, whereas HAR-CDEF either marks the transition into TLH region II, or into chromosome-unique sequences. Based on the above parallels, it is clear that TLH region I is analogous to the distal subtelomere domains present in S.cerevisiae.
The organization of TLH region I near the telomere repeats suggests that most of the M.oryzae chromosome termini have undergone extensive truncation. Indeed, as mentioned above, telomere 2 is clearly a truncated TLH-end that has lost at least 8 kb of core TLH sequences. Furthermore, analysis of telomeric sequences captured in the Magnaporthe genome sequencing project identified five de novo telomere truncations that had arisen in the fungal culture for DNA isolation (C. Rehmeyer and M. Farman, unpublished data). In one case, the deletion encompassed $35 kb of terminal sequence, again extending well into the chromosome-unique sequences. Therefore, it is clear that the frequent deletion of terminal sequences is not specific to the telomere that contains Avr-Pita (54,57) but is a general phenomenon in M.oryzae.
Most of the M.oryzae subtelomeres lack proximal domains
In other organisms, proximal domains are also recognized as sequences duplicated at different chromosome ends. However, they are distinct from their distal neighbors because they are separated from the latter sequences by specific boundary elements, and their constituent sequences tend to be much less widely dispersed than those found in the distal domains. Most importantly, the proximal domains usually contain genes (21) . Most of the M.oryzae subtelomeres transition into chromosome-unique sequences upstream of HAR-CDEF and, therefore, based on the lack of sequence duplication, it is clear that these chromosome ends lack proximal domains. On the other hand, five TLH-ends have stretches of sequence similarity that extend beyond the HAR-CDEF block into region II. Initially, the less extensive duplication of region II and its position relative to the HAR-CDEF boundary, suggested that it might correspond to a proximal domain. However, if one disregards the RETRO6-1 insertion, region II contains only one predicted gene (of unknown function), and only three of the subtelomeres showing extended region II similarity have a copy. As such, the duplication of this region has not given rise to the extensive gene amplification that is characteristic of the proximal domains seen in other organisms. Instead, the presence of additional tandem repeat blocks within region II, as well as its discrete boundary, suggests that it may simply be a part of an extended distal domain.
Aside from region II, there is very little evidence for the existence of proximal domains in 70-15. Not counting the ribosomal RNA genes at telomere 3, or the abundant transposon sequences, only two additional segmental duplications were detected within 100 kb of the chromosome termini, encompassing only three genes. Based on this information, it would appear that M.oryzae does not use subtelomere duplication to amplify genes with roles in pathogenesis. However, as mentioned above, the hybrid nature of 70-15 means that the subtelomere structures presented here do not give a perfectly accurate reflection of subtelomere organization in natural, rice-infecting strains of M.oryzae. Previous studies of telomere-linked sequences in the natural field isolate, Guy11-a recurrent parent in the crosses that gave rise to 70-15, indicated that a sequence linked to telomere 2 was duplicated near telomere 8 (59) . Recently, we have shown that $6 kb of 'chromosome-unique' sequence immediately upstream of the TLH region at telomere 8 are identical to the telomere-adjacent sequences in Guy11/70-15 telomere 2. This shows that Guy11 has at least one subtelomeric duplication that is not represented in 70-15, and suggests that the 'true' proximal domains, when they are present, begin upstream of the far boundary sequence. In addition to telomere 8, three more telomeres in Guy11 were either not inherited by 70-15, or were rearranged during meiosis. One of these is the rDNA telomere, which leaves only two additional telomeres in Guy11 that potentially could exhibit proximal domain duplications. As such, it would appear that Guy11 also lacks the extensive subtelomeric gene amplification that, until now, have been found in all eukaryotic microbes whose telomeres have been studied in detail.
Telomere-linked helicase genes
One of the most striking features of the M.oryzae distal domains regions is the presence of the telomere-linked RecQ-helicase gene (TLH1) described by Gao et al. (78) . Only four of the 11 TLH gene copies in M.oryzae appear to encode full-length products, with the remaining copies having been interrupted by chromosome truncation and transposon insertions, or mutated by nucleotide substitutions/deletions, resulting in stop codons and frameshifts, respectively (C. Rehmeyer and M. Farman, unpublished data). Telomerelinked helicase genes have been reported for a number of other ascomycete and basidiomycete fungi, including Schizosaccharomyces pombe (106), Ustilago maydis (107) and Metarhizium anisopliae (108) . Recently, we have identified telomere-linked helicase genes in 10 additional fungi by searching fungal genome sequences. This amounts to a total of 15 TLH-positive fungi among 29 genomes analyzed. Among these is the S.cerevisiae Y-help protein, which, under careful scrutiny, appears to be a highly-diverged RecQhelicase (C. Rehmeyer and M. Farman, unpublished data). Interestingly, we have not found TLH genes in organisms outside the kingdom fungi.
The cellular function of TLH genes is, yet unknown. However, the most closely related, non-telomeric human RecQ-helicases, WRN and BLM, are involved in telomere function and maintenance, and their mutation results in Werner's and Bloom's syndromes, respectively (109) (110) (111) (112) . Considering the relationship to BLM and WRN and, especially their physical association with telomeres, it seems reasonable to speculate that the TLH genes are also involved in telomere function and/or maintenance. This begs the question, 'Why do these genes tend to occur in physical proximity to the chromosome regions that are the presumed targets of their products?' The answer to this question may lie in the recent observation that the TLH genes in S.pombe are expressed only during telomere crisis, induced by experimental deletion of the telomerase gene (106) . Thus, it may be that the proximity of the TLH genes to chromosome ends provides a mechanism for their regulation based on telomere integrity-possibly one that takes advantage of the 'TPE' (12) to inhibit TLH gene expression until the telomere is compromised. The telomere-like sequences in the HAR-CDEF array are, perhaps, significant in this regard, as they potentially could function in the propagation of a silencing effect at M.oryzae chromosome ends, as has been reported for the X-elements in S.cerevisiae (113) .
Telomere-linked genes in M.oryzae Based on precedents set by the subtelomeres of other eukaryotic microbial pathogens, we had expected the corresponding regions in M.oryzae to contain large families of genes with roles in pathogenesis. However, within the 14 fosmids, only two genes were identified that are predicted to have functions with obvious relevance to the pathogenic process. These are the glycolsyl hydrolases near telomeres 9 and 12, both of which are predicted to have cell wall-degrading activity. None of the Avr genes that are known to be present in isolate 70-15 are found in subtelomeric locations. Neither are there genes encoding homologs of known avirulence proteins in these regions. Nevertheless, despite the absence of recognizable Avr genes, 13 subtelomeric genes are predicted to encode secreted proteins, which, by virtue of their extracellular locations, have the potential to interact with host plant cells to trigger defense or, conversely, to facilitate pathogenesis. Two of these genes are the glycosyl hydrolases mentioned above, while the remaining 11 have unknown functions. Given the reasonable expectation that any 'foreign' protein encountered by a plant cell could elicit a defense response, together with the precedents for telomere-proximity of Avr genes in M.oryzae (57) and of analogous surface antigen genes in other microbial pathogens (25, 114, 115) , the telomere-linked 'secretome' of M.oryzae deserves closer investigation.
The chromosome ends terminating in telomeres 1, 12 and 14 contain gene clusters that are predicted to be involved in secondary metabolism. Fungi are unique among the eukaryotes, in that secondary metabolites tend to be synthesized by clusters consisting of closely-linked genes, which code for all the enzymes necessary to synthesize the end-products from primary metabolism-derived precursors. In addition, the clusters usually code for regulators of their own expression and for efflux pumps that deliver the end-product(s) out of the cell (116) (117) (118) (119) (120) . A wide variety of gene clusters have been identified in a number of plant pathogenic fungi and many code for the synthesis of toxins that suppress host defenses, promote nutrient leakage or alter plant metabolism (121, 122) . The gene cluster near M.oryzae telomere 12 is similar to the gibberellin biosynthetic cluster of G.fujikuroi (80, 123) and contains the key gene that codes for the pathway-specific enzyme copalyl diphosphate synthase (123) . This particular cluster might code for the production of a metabolite similar to gibberellin, a phytohormone with profound effects on rice development (53) . The other telomerelinked gene clusters are quite small and, therefore, it is unlikely that they synthesize complex molecules. Instead, it is possible, for example, that the constituent genes function to detoxify secondary metabolites that are produced as part of the host plant's defense, or they may inactivate antibiotics released by other microbes co-colonizing the lesions caused by M.oryzae infections.
As the name suggests, the chemical products of secondary metabolism pathways are non-essential, although they often provide adaptive advantages under certain conditions (124) (125) (126) . Therefore, the genes contained within these clusters could be considered contingency genes and, as such, the general association between contingency genes and telomeres (27) would appear still to hold true for M.oryzae. In fact, many fungi contain secondary metabolism clusters near to telomeres (C. Rehmeyer, W. Li and M. Farman, unpublished data), suggesting that there is an advantage to this arrangement. One possibility is that the subtelomeres provide an environment that favors the generation of cluster diversity through accelerated evolution of the constituent genes.
It was not possible to predict functions for the majority of the genes identified in the subtelomere regions, due either to a lack of database matches or because the only similarities were to other predicted or hypothetical proteins. It is quite possible that a number of these genes are involved in pathogenesis but remain cryptic due to the limited information that is available for fungal pathogenicity genes. In this regard, it is worth noting that two of the four cloned M.oryzae Avr genes lack matches to the GenBank and Pfam databases, and a large proportion of non-pathogenic insertion mutants of M.oryzae were found to have insertions in genes of unknown function (M. Farman and R. Dean, unpublished data).
M.oryzae chromosome ends are littered with transposons and transposon relics
The terminal regions of the M.oryzae chromosome exhibit a superabundance of TE insertions. Nevertheless, with the exception of a single MAGGY insertion near telomere 4, transposons are notably absent from the core sequence between the telomere-linked helicase and the telomere repeat. Given that the TLH region does not appear to be essential for telomere function and/or maintenance, this suggests that the TLH to telomere interval is inaccessible to mobile elements. A possible reason for this may be that it adopts a heterochromatic structure, as has been shown for a number of other organisms (49, (127) (128) (129) .
Some organisms possess families of transposons that are exclusively subtelomeric in their distribution. Examples are the Ty5 elements in S.cerevisiae (130) , the non-LTR retrotransposons, GilM and GilT, in G.lamblia (131) and a LINE-like retroelement, Zepp, in Chlorella (132) . The telomeres of Drosophila completely lack the simple tandem repeats present at the chromosome ends of most organisms.
Instead, they possess telomere-specific retrotransposons, whose mobilization maintains a buffer against terminal degradation (133, 134) . In the M.oryzae strain sequenced here, all of the TEs that occupy the subtelomeres are also found scattered throughout the genome, so that none are exclusively associated with chromosome termini.
The M.oryzae chromosome ends contain large numbers of incomplete transposon copies, many of which are interrupted by other elements inserted within them (super-insertions). In several cases, one terminus of the invading element is flanked by sequences from the recipient transposon but the other terminus, instead of transitioning into sequences from the other end of the recipient element, is bordered by unrelated sequences. Such arrangements are most economically explained by the occurrence of ectopic recombination between the invading element and another copy nearby, resulting in deletion, or inversion, of the intervening DNA sequences. Strain 70-15 exhibits 12 such rearrangements at eight chromosome ends. Therefore, if the patterns of transposon insertion differ among M.oryzae strains, and ectopic, inter-element recombination occurs in a stochastic fashion, we would expect this to result in significant strainto-strain variation in terminal gene content. Evidence in support of this prediction comes from observations that transposons containing super-insertions (and super-superinsertions, etc.) often mark boundaries of synteny between 70-15 chromosome termini and homologous chromosome ends in another M.oryzae strain (M. Farman, unpublished data).
Do the M.oryzae subtelomeres have roles in pathogenic adaptation?
M.oryzae Avr genes that reside in subtelomeric locations tend to be genetically unstable, which leads to the frequent appearance of mutants that are able to infect a formerly resistant host cultivar. This observation, together with the finding that telomere-associated sequences are among the most highly variable regions of the M.oryzae genome, originally led us to suspect that a telomere-based switching mechanism might underlie the pathogenic variability of this fungus. However, analysis of the subtelomere regions failed to identify the massively amplified families of surface protein genes that are characteristic of the above-mentioned human pathogens that use this method of host adaptation. In fact, none of the terminal genes that are predicted to code for secreted proteins exhibited subtelomeric amplification. As such, it seems highly unlikely that M.oryzae switches the expression of subtelomeric surface proteins to evade recognition by the host plant's surveillance system. One caveat to this conclusion is that several of the terminally-located genes in 70-15 have copies at internal locations. This raises the possibility that the evolution of these genes could be accelerated through recombination with interstitial copies, a phenomenon that sometimes occurs during antigenic switching in T.brucei (47) .
Despite the lack of evidence for surface protein switching, the fact remains that several M.oryzae Avr genes map to the terminal regions of chromosomes (54) (55) (56) . Based on our analysis of the organization of these regions, we propose that this arrangement may still provide an adaptive advantage. First, it appears that all of the M.oryzae chromosome termini are susceptible to truncation and, therefore, we would predict that any gene residing near to a chromosome tip should exhibit a high level of genetic instability, similar to that of Avr-Pita. Second, the more centromere-proximal regions of the chromosome ends contain numerous transposon sequences, many of which show evidence of having undergone rearrangements that resulted in the deletion of intervening sequences. Clearly, any genes that reside in these sub-terminal regions would be susceptible to deletion through ectopic recombination between flanking transposon copies, or prone to inactivation by transposon insertion. Based on these findings, we predict that different M.oryzae strains will very enormously in their sub-terminal gene content. Moreover, we hypothesize that the terminal regions of the M.oryzae chromosome ends function in niche adaptation by promoting the deletion/disruption of genes whose nonuniform distribution within the pathogen population can be adaptive. Avr genes are excellent examples in this regard because an M.oryzae population consisting of strains with different Avr gene profiles will be able to colonize a more diverse collection of host genotypes than will one that is genetically homogeneous. Of course, one might expect Avr genes that reside in transposon-rich, internal regions of the genome to be prone to deletion also. However, ectopic recombination tends to be especially frequent near chromosome ends (16, 19, 20) , and terminal rearrangements are less likely to have catastrophic effects on genome architecture. Accordingly, we predict that characterization of telomerelinked genes that vary in their presence/absence among different M.oryzae strains will lead to the identification of novel Avr genes.
